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Synopsis: The influence of geological and geotechnical factors on potential ground motions in Memphis due to a 65km
distant hypothetical M=7 New Madrid earthquake has been investigated. From the study of the seismotectonic environment
and the seismicity of the region, the characteristics of the "design earthquake" are selected. A seismological model
of the radiation/attenuation of the earthquake source and of the generated waves is used to generate synthetic bedrock
("hard rock") accelerograms, which are then propagated through a deep deposit of "soft-rock" to obtain input base excitations for the near-surface soil profiles. A representative soil profile for Memphis is selected from a large number of
borelog data. Propagation of the generated seismic waves through this soil profile is modeled with state-of-the-art
formulations to obtain the seismic motions at the ground surface. Effects of nonlinear inelastic versus equivalentlinear analysis, and undrained versus partially drained condition have also been investigated. Results are presented
in the form of site-specific response spectra and a proposed design spectrum.
INTRODUCTION
The city of Memphis, Tennessee is located about 65km
away from the southern segment of the New Madrid
seismic zone (Fig. 1). The New Madrid seismic zone is
regarded by seismologists and disaster response
planners as the most hazardous zone east of the Rocky
In the winter of 1811Mountains (Johnston 1982).
1812, this zone produced three of the largest
earthquakes known to have occurred in North America
(M =8.5, 8.4 and 8.8; Nuttli 1983). The zone is still
qu~te seismically active, and a major geological
New Madrid Seismic Zone : 1974 -

structure--an ancient crustal rift--has been
identified (Braile et al, 1982) to exist beneath the
shallow sediments of the Mississippi embankment (Fig.
2). This rift is of such character and dimension that
it could generate major earthquakes. Thus, the city
of Memphis is currently regarded as an area of
potential seismic hazard.
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Fig. 2 - Block Diagram of Buried Reelfoot Rift Complex
(after Braile et al, 1982)

The effect of local soil conditions on the
amplitude and frequency content of ground motions at
the surface of soil deposits at Memphis due to a
potential New Madrid earthquake has been the subject
of considerable interest and research in recent years.
In this paper an effort is made to investigate the
effects of geological and geotechnical conditions on
ground surface motions at a representative site of
Memphis (with a typical Upland Memphis soil profile)
due to a hypothetical New Madrid earthquake. First,
from the study of the seismotectonic environment and

Fig. 1 - New Madrid Seismic Zone
(after Hwang et al, 1989)
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the seismicity of the region, the characteristics of
the "design earthquake" are selected. Second, a
stochastic seismological model (Hanks & McGuire 1981;
Boore 1983) of the radiation/attenuation of the
earthquake source and of the generated waves is used
to generate synthetic seismic bedrock motions. The
influence of the model parameters, such as stress
parameter, ~cr, and cut-off frequency, f ax' on the
bedrock motion is also investigated. T~e actual
bedrock ("hard rock") in Memphis area is very deep,
located at a depth of about 2500 to 3000 ft. below the
ground surface level. Therefore, response spectra
defined for "hard-rock" must not be used to prescribe
input motions to the base of the near-surface so~l
profiles unless the velocity contrast betwe:n ~o1l
profile and underlaying earth, and the ampl1fy1ng
effect of the "softer rock" between the hard-rock and
the soil profile are taken into account. Thus, the
"hard-rock" motions obtained with the seismological
model are multiplied by the square-root of impedance
ratio to obtain the input base excitations (i.e.,
"soft-rock" motion) for the near-surface soil
profiles. A representative soil profile for Memphis
is selected from a large number of borelog data
reported by Ng et al 1989. The selected soil profile
represents about 707. of the Memphis borelogs and 907.
of the Upland Memphis borelogs.
Propagation of
seismic waves through the selected near-surface soil
profile is modeled with state-of-the-art formulations
(SHAKE and DYNAlD) to obtain the ground surface
motions. Results are presented in the form of
response spectra with 57. damping.
Effects of linearelastic, equivalent-linear (SHAKE) and nonlinearinelastic (DYNAlD) analyses on the ground response
spectrum is also investigated.

In this study, based on the work of Johnston (1982) a
New Madrid earthquake of moment magnitude M=7.0,
having a 907. probability within next 200 years as
depicted in Fig. 3, is assumed to occur near Marked
Tree, Arkansas. The epicentral distance of the
selected site in Memphis from the seismic source is
about 65km.

PREDICTION OF BEDROCK MOTION
Seismological Parameters
The paucity of strong motion recordings from
intraplate earthquake events, makes prediction of
strong motion in Central and Eastern United States a
difficult problem. The scaling of earthquake source
parameters of intraplate events is not well understood
yet.
However, there appears to be a consensus that
intraplate seismic sources scale roughly with a
constant stress drop.
Based on the work of Boore & Atkinson (1987),
Papageorgiou (1987), and Atkinson & Boore (1989), the
following seismological parameters applicable to the
Eastern North America (ENA) are used with the HanksMcGuire-Boore stochastic model to obtain synthetic
bedrock earthquake motions:

M

5.

Moment magnitude
Epicentral distance
Focal depth
Stress scaling
parameter
Cut-off frequency

6.

Quality factor

7.

Bedrock shearwave
velocity

V

8.

Source rock density

p

9.

Geometrical attenuation

G(R) = 1/R

10.

Seismic moment (in dyn-cm) logM
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Source duration
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The fourier amplitude spectrum generated from the
seismological model is expressed as follows (Boore
Atkinson 1987):
A( f) = C

Fig. 3 - Frequency-Magnitude Curve for New Madrid
Earthquake
(after Johnston, 1982)

S(f) • D(f) • I(f)

&

(1)

where, C is a scaling factor defined by the expression
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and I(f) is a shape filter defined by the
expression
2
I(f) = (2'1Tf)
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Fig. 4 - Effect of 6a on Bedrock Spectral Accelerati on

(5)

is a parameter to model
The cutoff-freq uency f
decay of the Fourier aill~!itude spectrum beyond certain
As depicted in Fig. 5, the influence of
frequency.
the fmax values (within the range of 20 to 40 Hz) on
the spectral accelerati on is negligible . Thus, a f
max
value of 30 Hz is used hereafter.

Synthetic Bedrock Accelerogr ams
As already mentioned, the semi-theo retical method,
based on the work of Hanks & McGuire (1981) and Boore
(1983), is used to generate synthetic time histories
of bedrock accelerati on. The method assumes a simple
source accelerati on spectrum (Brune 1970) exhibiting
two character istic frequencie s, fc and fmax' and

0.6

attaining a constant value proportion al to the seismic
Having
moment M at frequencie s fc < f < fmax'

<:"'
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f-•20.0Hz
f,...•J.O.OHz

.:"

assessed the source spectrum simple wave propagatio n
physics are invoked to obtain the modulus of the
accelerati on spectral density function at a R- distant
Then, Random
point on the surface of the earth.
Vibration theory is used to obtain rms and peak values
of accelerati on and velocity, and accelerati on
response spectrum. Furthermo re, synthetic
accelerati on histories are generated in a semiempirical way, by using the previously predicted
modulus while extracting the phases from an actual
accelerogr am (recorded under "similar" conditions ).
The advantage of this technique is that the nonstationari ty, randomness , and change in frequency with
time are incorporat ed naturally in the synthetic
motion. The basic assumption is that the source and
wave propagatio n parameters are reflected primarily in
the spectral modulus, while multipath effects and
surface wave contributi ons affect the phase spectrum.
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Acceleratio \1lax
The synthetic bedrock accelerogr am and its
response spectra, generated using the model with 6a
150 bars and fmax = 30Hz, are shown in Figs. 6 and 7,

=

A number of the so generated synthetic bedrock
accelerogr ams and their accelerati on response spectra
are portrayed in Figs. 4-9.

respective ly. The peak value of bedrock accelerati on
is O.l46g, and its response spectrum has a peak value
of 0.4lg at T = 0.13 sec.

The uncertain ties in model parameters 6a and f
are investigat ed by considerin g three values of botWax
Fig. 4 shows the synthetic bedrock
6a and fmax
spectral accelerati on for the three values of 6a. The
spectral accelerati on curves for all three value of 6a
show fundamenta l periods approxima tely at 0.05 sec and
0.13 sec. The low values of dominant periods are due
to a very slow attenuatio n with distance of high
It should be noticed
frequencie s in the eastern U.S.
that an increase in the value of 6a results in an
For example,
increased spectral accelerati on peak.
the peak values of bedrock spectrum SA(g) at T=O.l3
sec. are 0.29, 0.4 and 0.51 for 6a = 100, 150 and 200
bars, respective ly. For central and eastern North
America, the value of 6a suggested by various
researcher (Boore & Atkinson 1987, McGuire & Toro
1989, Papageorgi ou 1987 and Atkinson & Boore 1989)
varies from 100 to 200 bars. Thus, for results
150 bars is used throughou t.
presented hereafter 6a
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Fig. 6 - Time History of Bedrock Accelerati on
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Fig. 7 - Bedrock Spectral Acceleration
Fig. 9 - Soft- rock Spectral Acceleration

SOFT-ROCK ACCELEROGRAM
The actual bedrock. ("hard-rock:") in Memphis area ~s
very (approx . 3000 feet) deep. Therefone, a response
spectrum defined for bedrock. must not be used to
prescribe input motion to the base of the near-surface
soil profile unless the velocity contrast between soil
profile and underlaying earth, and the amplifying
effect of the "softer- rock'' between the "hard- rock"
and the soil profile are taken into account. Thus ,
for Memphis the synthetic bedrock motion obtained with
the seismological model is propagated through a very
deep (z-.a) represent ative "soft-rock" layer having a
shear wave velocity V ;;:600 m/sec. and density p •2 . 5
gm/cm3 . The tncidentsSave is transmitted throug~rthe
hardrock-softrock interface with an amplitude (Asr)
wh ich exceeds the incomi ng-wave amplitude (A ) by a
frequency- independent factor equal to the sq&are-root
of the impedance ratio ; i.e . ,
A

sr

A

r

MODELING OF HEMPHJS SOIL PROFILE

A representative soil profile of Memphis illustrated
in Fig . 10, is obtained from a data analysis of the
extensive borelog data of Memphis provided by Ng et al
(1989). The selected soil profile represents about
707. of the Memphis borelogs and 907. of the Upland
Memphis borelogs. The water table is located at 10
feet depth . As depicted in Fig . 10 . the borelog
Lerminates at 100 feet depth . Thus, the soil profile
below 100 feet is constructed based on the geological
stratification beneath the Memphis area reported by
Whittenberg et al (1977). The sojl deposit directly
overlying the "soft-rock" is a stiff clay (CL) deposit
known as "Jackson Formation".

~.

12s·'l"''r 1~'111 1~

(6)

The resulting soft-rock. accelerogTam and its
response spectrum are displayed in Figs. 8 and 9,
r e spectively . The peak acc e leration for "soft-rock"
is 0.366g compared to O.l46g of the "hard-rock".
Similarly. the peak value of the soft-rock response
spectrum is l.Og compared to 0.4 g of the har d- rock.
Thus , the bedrock seismic motion is being amplified by
the soft- rock deposit.
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Fig . 8 - Time History of Soft-rock Acceleration

Fig. 10 - Representative Soil Profile for
Upland Memphis
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The acceleration time history at the ground level
obtained from the site response analysis with the
SHAKE program is shown in Fig. 11. The peak value of
the ground acceleration is 0.286, compared to 0.146 of
bedrock and 0.366 of "soft-rock".

Utilizing the SPT N-values and other available
borelog data, the geotechnical properties of each soil
layer are estimated with the help of existing
empirical relationships between the N-values and the
respective parameter. The low strain shear velocity
and damping factors for soil layers are estimated
based on the information provided by Seed et al (1986)
and Sun et al (1988). The estimated geotechnical
properties for the representative soil profile are
displayed in Table 1.
Table 1 - Geotechnical Properties
for the Memphis Soil Profile

Soil
Description

Extent of
the layer
(depth in
feet)
N
y(pcf)

D (%)
r

10

30

so

80

135

140

145

160

G (psf)

2.0xl0

Vs(ft/sec)

690

'~max

0.05

6

4 .1x10

36°

35°

35°

26°

<E

6

4.Sxl0

Fig. 12 shows the normalized spectral
accelerations at the ground level obtained with
linear-elastic (SHAKE), equivalent-line ar (SHAKE) and
nonlinear-inel astic (DYNA1D) modelling of the soil
materials. The normalized spectral accelerations are
the spectral accelerations normalized w.r.t. to the
peak ground acceleration. The largest value of the
normalized spectrum for linear analysis is 3.3
(@T=0.13 sec.), for equivalent-line ar 3.0 (@T=0.13
Those
sec.), and for nonlinear 3.0 (@T=0.18 sec.).
peaks are close to the fundamental period of the top
soil layer (T=0.14 sec.) and the soft-rock spectral
acceleration peaks. Additional peaks in ground
acceleration spectra appear at T=0.3 sec. and T=0.70.9 sec., with T=0.8 being the fundamental period of
Furthermore, it is
the near-surface soil profile.
evident from Fig. 12 that a nonlinear inelastic
analysis shifts the maximum value of the spectrum to a
higher period (i.e.to a lower frequency), and the 2nd
& 3rd spectral peaks have higher values than the
corresponding linear and equivalent-line ar peaks.

100%

80%

65%

45%

Fig. 11 - Time History of Ground Acceleration (SHAKE)

100'-250'

50'-100'

25'-50'

0-25'

Stiff
clay
(CL)
"Jackson
Formation''

Dense
sand
(SP)

Siltysand to
Sand
(SM-SP)

Clayeysift to
silty
clay
(ML-CL)

6

6.9x10

6

0

' max

1. 0Sx10

1.20xl0

0.03

0.03

0.03
6

1200

1000

965

6

1. 25x10

6

2.87x10

6

SITE RESPONSE
The top soil layers (overlaying the soft-rock) of the
representative Memphis soil profile (Fig. 10) is
modelled using the computer programs SHAKE
(Equivalent-lin ear analysis) and DYNAlD (Nonlinear
inelastic analysis) to perform a one-dimensiona l
dynamic site response analysis based on vertical
propagation of shear waves. The "soft-rock"
accelerogram is used as the input seismic motion at
the base (z=-250 ft) of the near-surface soil layers.

Elaetlc

3

Nonlinear

Equivalent linear

!l

E2

0

~

The program SHAKE is based on the elastic wave
propagation theory and it uses the "equivalent-lin ear"
method to model the nonlinear dynamic shear moduli and
damping as a function of shear strain. Nonlinear soil
properties for the soil layers are modelled using the
dynamic modulus degredation vs. shear strain (G vs. -r)
and damping ratio vs. shear strain (~ vs. -r)
relationships reported by Seed et al (1986) and Sun et
On the other hand, the DYNAlD code is a
al (1988).
finite element based program (Prevost 1989) which uses
nonlinear-inel astic constitutive models to incorporate
the nonlinear inelastic stress-strain behavior of the
soil materials.

-------1.0
Period,T(second)

1.5

Fig. 12 - Normalized Ground Spectral Acceleration
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2.0

Fig. 14 shows the normalized ground spectral
acceleration s obtained using the "equivalent -linear"
model (SHAKE), for two soil profiles (Figs. 10 & 13).
The simplified soil profile, shown in Fig. 12, is
constructed by replacing the actual near-surface soil
layers of Fig. 10 by an equivalent layer having the
same fundamental period as the actual profile. As can
be seen from Fig. 14, the simplified profile has
higher spectral peaks compared to those of the actual
profile. However, the pattern of the spectral curves
1
are almost identical.
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Drained
Undrained

3.0
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'<1i
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0.5
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0
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2

Period,T(Secs)

Silty sand to silty clay
(SM-CM)

250'

Fig. 15 - Ground Spectral Acceleration :
Undrained vs. Drained

y=l45.0pcf, v.=l220ft/sec

Based on the results of the present study, a
design spectrum proposed for the city of Memphis is
shown in Fig. 16, along with the existing UBC code
spectrum.

z

i

"Hard" Rock
"'(= 170.0pcf, Vr= 11500 ft/sec

No niT near

3

( Not to scale)
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><

Fig. 13 - Simplified Soil Profile for Upland Memphis
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Fig. 16 - Design Spectrum for Upland Memphis

CONCLUSION
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Site response spectra for a representati ve soil
deposit of Memphis are presented by utilizing the
Hanks-McGui re-Boore seismologic al model to generate
synthetic bedrock motions and state-of-the -art
formulations SHAKE & DYNA1D to perform the seismic
site response analyses.
Influence of the underlaying
"soft-rock" deposit on the site response at Memphis
is found to be of primary importance.

Fig. 14 -Ground Spectral Acceleration :
Simplified vs. Actual Profile

The effect of undrained vs. drained conditions on
ground spectral acceleration is depicted in Fig. 15.
The results are obtained using the DYNAlD program.
The effect of considering drained condition seems to
lower the first spectral peak, otherwise its influence
is negligible.
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